The effect of lipid peroxidation product 4-hydroxy-2-nonenal (HNE) on the protein conformation of porcine cerebral cortex Na ؉ -K ؉ -ATPase was examined in term of the intrinsic tryptophanyl fluorescence measurement. Treatment of ATPase with HNE resulted in a decrease in the fluorescence intensity and an increase in the fluorescence anisotropy in a concentration-dependent manner. The difference in the fluorescence intensity and fluorescence anisotropy observed between the control and HNE-modified ATPase completely disappeared after treatment of the protein with guanidine hydrochloride (1 M). These results suggest that HNE-modification of the Na ؉ -K ؉ -ATPase induces alterations in the conformation of the enzyme molecule. This interpretation was further supported by a decrease in fluorescence quenching efficiency with acrylamide and sulfhydryl (SH) content. The decrease in quenching efficiency suggests that the proximity of the quencher molecule to the fluorophores located in the enzyme is suppressed. Modification of the enzyme with N-ethylmaleimide (NEM) also resulted in a decrease in quenching efficiency with the loss of SH groups. Furthermore, a good relationship between the SH content and these fluorescence parameters (fluorescence anisotropy and quenching efficiency) were observed. On the other hand, treatment of the Na ؉ -K ؉ -ATPase with other aldehydes such as malondialdehyde (MDA), 1-hexanal and nonanal did not affect either the quenching efficiency or SH content. Based on these results, the possibility of alterations in the physical properties of the Na ؉ -K ؉ -ATPase associated with modification by HNE has been discussed.
It has been reported that oxidative stress and lipid peroxidation of cell membrane phospholipids may contribute to the pathogenesis of neurodegenerative conditions such as Alzheimer's disease 1, 2) and Parkinson's disease. 3) Lipid peroxidation of polyunsaturated fatty acids in membrane phospholipids gives rise to several different aldehydic compounds as secondary oxidation products of the lipid hydroperoxides. 4) Among them, 4-hydroxy-2-nonenal (HNE) may play an important role in the onset of some neurodegenerative disorders because it can be produced in relatively large concentrations during the process of lipid peroxidation. 4, 5) In fact, there is evidence that oxidative insult induces the accumulation of free and protein-bound HNE in a variety of non-neural cells 4) and hippocampal neurons. 6, 7) Montine et al. 8) and Sayre et al. 9) have also reported that HNE-modified proteins accumulate on neurofibrillary tangles in the brain of Alzheimer's disease (AD) patients. These findings propose the possibility that HNE is a key mediator of oxidative stress-induced neuronal cell death, 2, 10) although the exact mechanisms of the onset of HNE toxicity are not yet fully understood.
HNE can lead to an alteration in the lipid dynamics of membranes, 11, 12) which can affect the function of transmembrane proteins. We have recently reported that the inhibition of bovine cerebral synaptosomal Na ϩ -K ϩ -ATPase activity associated with modification of the membranes by HNE is closely related to the decreased lipid fluidity at the lipid/water interface on the membrane surface. 11) These findings suggest that the lipid dynamics of the membranes play an important role in the inhibition mechanisms of synaptosomal Na ϩ -K ϩ -ATPase activity induced by modification with HNE.
On the other hand, it has also been known that HNE reacts with several amino acid residues of proteins, i.e., cysteine, histidine, and lysine, and thus can change the activities of several enzymes. 4) In fact, it has been reported that HNE disrupts neuronal ion homeostasis by impairing the function of several different ion-motive ATPases such as Na ϩ -K ϩ -and Ca 2ϩ -ATPases, 2, 13) resulting in neuronal cell death. 6, 7, 14) And, HNE has been shown to lead to the formation of cross-linked proteins. 15, 16) This finding proposes the possibility that HNE also modifies the physical properties of proteins. However, there is less information about the effect of HNE-modification on protein conformation. Therefore, it is important to verify this problem in order to elucidate the overall mechanisms of the onset of HNE-mediated cell degeneration. To address this problem, in the present study, we examined the effects of HNE-modification on the physical state of porcine brain Na ϩ -K ϩ -ATPase in relation to sulfhydryl (SH) reactivity of the enzyme. This communication is the first report showing evidence that HNE is capable of altering the protein conformation of Na ϩ -K ϩ -ATPase. Modification of Na ؉ -K ؉ -ATPase with HNE Na ϩ -K ϩ -ATPase preparation (1 mg/ml) was treated with various concentrations of HNE (0-500 mM) in 30 mM Tris-maleate buffer (pH 6.85) for 60 min at 37°C, unless otherwise specified. After termination of the reaction by the addition of 1.5 mM NAC, the reaction mixture was dialyzed three times against 10 volumes of the same buffer.
MATERIALS AND METHODS

Materials
Na ؉ -K ؉ -ATPase Activity Assay Na ϩ -K ϩ -ATPase activity was measured as described in our previous paper. 11) The assay medium contains 50 mM Tris-maleate buffer (pH 6.85), 110 mM NaCl, 10 mM KCl, 0.1 mM EDTA, 5 mM MgCl 2 and 3 mM ATP. The reaction was started by the addition of Na ϩ -K ϩ -ATPase preparation (10 mg), and incubation was carried out at 37°C for 30 min. The control value (subtracted) was determined in the presence of 1 mM ouabain.
Determination of SH Content Control and HNE-modified Na ϩ -K ϩ -ATPase (1 mg/ml) were treated with 5 mM DTNB in 20 mM Tris-HCl buffer (pH 8.0) in the presence of 3% SDS for 10 min at 37°C. The number of SH groups was calculated using eϭ13600 at 412 nm 17) and is expressed as the number per mole of the protein assuming that the molecular weight of Na ϩ -K ϩ -ATPase is 298000. 18) Fluorescence Measurements The intrinsic tryptophanyl fluorescence of Na ϩ -K ϩ -ATPase was measured with excitation at 295 nm and emission at 335 nm using a Hitachi F-4500 spectrofluorometer equipped with a rhodamine B quantum counter at 25°C.
The fluorescence quenching experiments were performed by adding small volumes of a concentrated acrylamide stock solution (5 M) in 50 mM Tris-maleate buffer (pH 6.85) at 25°C, as described in our previous paper. 19) Quenching data were analyzed according to the Stern-Volmer equation: 20) 
where F o , F and K Q are the fluorescence intensities in the absence and presence of various concentrations of quencher [Q] and the quenching constant, respectively.
The steady-state fluorescence anisotropy (g) is defined as the value of (I V ϪI H )/(I V ϩ2I H ), where I V and I H represent the fluorescence intensities of the vertically and horizontally polarized emitted lights with vertically polarized excitation, respectively. 21) The contribution of the products formed by modification of Na ϩ -K ϩ -ATPase by HNE to the fluorescence measurements was negligible.
Protein Assay Protein determination was performed according to the procedure of Lowry et al. 22) using bovine serum albumin as the standard.
Statistical Analysis Data were presented as the meanϮS.D. for three independent determinations. To determine statistical significance between groups, the data were analyzed by an analysis of variance (ANOVA) Bonferroni's multiple t-test.
RESULTS AND DISCUSSION
Changes in Fluorescence Parameters
As shown in Fig.  1A , treatment of Na ϩ -K ϩ -ATPase with HNE resulted in a decrease in tryptophanyl fluorescence in a concentration-de-pendent manner. The concentration of HNE required to induce a half-maximal decrease in the fluorescence intensity was determined to be approximately 106 mM from the double reciprocal plots of the fluorescence intensity (arbitrary unit) and the HNE concentration (inset figure in Fig. 1A ). On the other hand, the fluorescence anisotropy of the tryptophanyl fluorescence increased by treatment of the enzyme with HNE and reached an almost constant level above 250 mM of the aldehyde (Fig. 2 ). In this case, the dose-dependent curve also showed that a half-maximal change in the anisotropy was induced by treatment with approximately 100 mM of HNE. Because the increased fluorescence anisotropy reflects the decreased motion of fluorophores, 23) these results suggest that treatment of the ATPase with HNE caused a restriction of the freedom and mobility of the region containing the fluorophore in the enzyme molecule.
The effects of increasing concentrations of guanidine hydrochloride on the fluorescence intensities of control and HNE-modified Na ϩ -K ϩ -ATPase were presented in the inset figure in Fig. 1B . As can be seen in the figure, the fluorescence intensity of the control ATPase increased depending on the denaturant concentration and reached an almost constant level above approximately 0.5 M of it. This suggests that the conformation of the enzyme molecule transformed into an unfolding state at this concentration of the denaturant. In addition, it is clear that the difference in fluorescence intensities observed between the control and HNE-modified ATPases completely disappeared as the denaturant concentration was increased up to greater than 0.7 M.
A similar guanidine effect was also observed in the fluorescence anisotropy of HNE-modified ATPase. The g value of HNE (500 mM)-modified Na ϩ -K ϩ -ATPase (0.109Ϯ0.002) decreased to 0.065Ϯ0.001 by treatment with 1 M guanidine hydrochloride. In this case, the g values of the control AT-Pase in the absence and presence of the denaturant (1 M) were 0.080Ϯ0.002 and 0.062Ϯ0.003, respectively.
From these results, we speculated that HNE-modification of Na ϩ -K ϩ -ATPase resulted in an increased molecular rigidity of the protein conformation. To further confirm this hypothesis, we also examined the effects of HNE-modification on the quenching efficiency of tryptophanyl fluorescence with acrylamide.
Quenching of Tryptophanyl Fluoresence with Acrylamide The fluorescence quenching technique is a useful tool to study the microviscosity around the fluorophore environment, because the quenching efficiency is dependent on the accessibility of the quencher molecule to the fluorophores located in macromolecules. 20, 24, 25) The tryptophanyl fluorescence intensity of the Na ϩ -K ϩ -ATPase was quenched by the progressive addition of small aliquots of acrylamide solution (Fig. 3) . The Stern-Volmer plots of a model compound tryptophan and the ATPases (control and HNE-treated) showed upward and linear curvatures, respectively, in the concentration range of the quencher tested. This suggests that the quenching of the tryptophanyl fluorescence with acrylamide is followed by a static quenching mechanism (a collisional process), and that each of the fluorescing tryptophan rseidues located in the enzyme molecule is subjected to a similar degree of fluorescence quenching. 25) The slope of the straight portion in the plot corresponds to the collisional quenching constant (K Q ) of the quencher molecule relative to the fluorophore. The K Q values of tryptophan itself and the control ATPase were determined to be 28.3 and 4.2 M Ϫ1 at 25°C, respectively, suggesting that some of the tryptophan residues in the enzyme molecule might be buried in acrylamide.
The effects of HNE treatment on the acrylamide quenching of tryptophanyl fluorescence were examined. As shown in Fig. 4 , the K Q value decreased by treatment of Na ϩ -K ϩ -ATPase with HNE in a concentration-dependent manner. The HNE concentration required to induce half-maximal decrease in the K Q value was 30.5 mM. There are two explanations for the decreased K Q value as follows: (a) fluorescing tryptophan residues are sterically shielded from collision with acrylamide by HNE-modification of the enzyme, and (b) HNEmodification results in a decrease of the proximity of the quencher molecules towards tryptophan residues in Na ϩ -K ϩ -ATPase. In any case, this result strongly suggests that modification of Na ϩ -K ϩ -ATPase with HNE causes a conformation change in the enzyme molecule. 1654 Vol. 26, No. 12
Fig. 2. Effects of HNE-Modification on Fluorescence Anisotropy
The fluorescence anisotropy was measured according to the procedure described under Materials and Methods. pϽ0.05 vs. control (no HNE treatment).
Fig. 3. Stern-Volmer Plots of Fluorescence Quenching Data
The acrylamide concentration varied from 33.1 to 312.5 mM. The concentrations of tryptophan and Na ϩ -K ϩ -ATPase (control and HNE-treated) were 10 mM and 0.1 mg/ml, respectively. Other experimental conditions are described under Materials and Methods. Symbols: ᭺, control Na ϩ -K ϩ -ATPase; ᭹, HNE (500 mM)-treated Na ϩ -K ϩ -ATPase; ᭝, tryptophan.
Fig. 4. Concentration Dependence of HNE on Quenching Parameters
The concentration of HNE varied from 50 to 500 mM. Other experimental conditions are the same as those described in the legend for Fig. 2 . pϽ0.05 vs. control (no HNE treatment).
In this experiment, we have also found that the K Q value (3.59Ϯ0.01 M Ϫ1 ) of HNE (500 mM)-treated ATPase increased to 4.28Ϯ0.02 M Ϫ1 by treatment with 1 M guanidine hydrochloride. On the other hand, the K Q values of control ATPases without and with the denaturant at the same concentration were 4.20Ϯ0.02 and 4.62Ϯ0.01 M Ϫ1 , respectively.
From these findings, it seems that HNE-modification causes an increased rigidity of the conformation in and/or near the region containing the fluorescing tryptophanyl residues in Na ϩ -K ϩ -ATPase. The increase in fluorescence anisotropy of the tryptophanyl fluorescence of the ATPase by HNE-modification (Fig. 2 ) also supported this interpretation.
Relationship between SH Content and Fluorescence Parameters As previously reported, 11) treatment of Na ϩ -K ϩ -ATPase with HNE results in decreases in the SH content and enzyme activity. In addition, in this communication, we have also reported that inhibition of the ATPase activity associated with HNE-modification is dependent on the loss of the SH groups.
The relationship between the SH content and the fluorescence parameters (fluorescence anisotropy and quenching efficiency) showed that the decrease of the SH content was proportional to the extent of these fluorescence parameters (Figs. 5A, B) . These findings suggest that a decrease in the SH content in the ATPase by HNE-modification is closely related to alterations in the protein conformation of the enzyme molecule. In this case, no increase in the absorbance at 412 nm was observed after incubation of 5 mM DTNB with 500 mM HNE for 30 min at 37°C. This result completely rules out the possibility that HNE reacts with DTNB (data not shown).
Next, we examined the effect of NEM-modification on the acrylamide quenching of tryptophanyl fluorescence of the ATPase.
As shown in Fig. 6 , the K Q value (4.31Ϯ0.10 M Ϫ1 ) of the control ATPase decreased to 3.70Ϯ0.11 M Ϫ1 by treatment of the ATPase with NEM, an SH-directed reagent, with the loss of SH content. In this case, the activities of control and NEM-modified Na ϩ -K ϩ -ATPase were 0.37Ϯ0.02 and 0.20Ϯ0.01 mmol Pi/mg/min, respectively.
Effects of Other Aldehydes It has been reported that HNE can also react with lysine by nucleophilic addition to form a secondary or Schiff's base linkage. 26) To evaluate the contribution of lysine binding by HNE on the protein conformation of the Na ϩ -K ϩ -ATPase, the effects of other aldehydes such as MDA, 1-hexanal and nonanal were examined, because these aldehydes mainly react with amino groups in proteins. 4) Siems et al. have also reported that nonanal does not react with SH groups. 27) As shown in Table 1 , treatment of the ATPase with these aldehydes did not affect the K Q value, nor the SH content or enzyme activity. These results suggest that modification of lysine residues is not directly involved in conformation changes or the inhibition of Na ϩ -K ϩ -ATPase activity induced by HNE-modification.
From these results, it is suggested that HNE is capable of significant modification of the protein conformation of Na ϩ -K ϩ -ATPase. And, based on these results, we speculated that inhibition of Na ϩ -K ϩ -ATPase activity by HNE-modification is mediated through alterations in the conformation of the enzyme molecule via the interaction between the aldehyde and the SH groups located or near the active site of the enzyme. It has been known that HNE below 0.1 mM generally occur in a physiological state in many tissues. 4) On the other hand, the dose dependence of the lethal effects of HNE towards several different cells, i.e. Chinese hamster ovary cells, 28) human umbilical vein endothelial cells 29) and cultured rat hepatocytes 30) show that HNE is highly toxic in the concentration range of LD 50 ϭ25-100 mM. In the present study, we have also found that the LD 50 values of HNE determined from changes in the fluorescence parameters range from 30 to 106 mM (Figs. 1A, 2, 4) . These findings suggest the possibility that alterations in the physical properties of proteins may be involved in the onset of HNE toxicity in vivo.
Recent studies have increased interest in the role of HNE in the onset of oxidative stress-mediated neurodegenerative diseases such as Alzheimer's disease 1, 2) and Parkinson's disease. 3) In fact, several lines of evidence suggest the importance of amyloid b-peptide (Ab )-mediated lipid peroxidation and/or oxidative stress in the neurodegeneration of AD. 31) According to this Ab-associated oxidative stress hypothesis for AD neurotoxicity, it is predicted that the lipid peroxidation product HNE plays an important role in the onset mechanism of neurodegenerative diseases such as AD. Although further detailed studies are needed, it seems that the present findings provide a clue for analysis of the overall mechanisms underlying HNE-induced neurodegeneration, because HNE disrupts neuronal ion homeostasis by impairing the function of membrane-bound ion-motive ATPases. 2, 13) 
